The aryl hydrocarbon receptor (AHR) is regarded as an important homeostatic transcriptional regulator within physiological and pathophysiological processes, including xenobiotic metabolism, endocrine function, immunity, and cancer. Agonist activation of the AHR is considered deleterious based on toxicological evidence obtained with environmental pollutants, which mediate toxic effects through AHR. However, a multitude of plant-derived constituents, e.g., polyphenols that exhibit beneficial properties, have also been described as ligands for the AHR. It is conceivable that some of the positive aspects of such compounds can be attributed to suppression of AHR activity through antagonism. Therefore, we conducted a dioxin response element reporter-based screen to assess the AHR activity associated with a range of flavonoid compounds. Our screen identified two flavonoids (5-methoxyflavone and 7,4Ј-dimethoxyisoflavone) with previously unidentified AHR agonist potential. In addition, we have identified and characterized 6,2Ј,4Ј-trimethoxyflavone (TMF) as an AHR ligand that possesses the characteristics of an antagonist having the capacity to compete with agonists, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin and benzo[a]pyrene, thus effectively inhibiting AHR-mediated transactivation of a heterologous reporter and endogenous targets, e.g., CYP1A1, independent of cell lineage or species. Furthermore, TMF displays superior action by virtue of having no partial agonist activity, in contrast to other documented antagonists, e.g., ␣-napthoflavone, which are partial weak agonists. TMF also exhibits no species or promoter dependence with regard to AHR antagonism. TMF therefore represents an improved tool allowing for more precise dissection of AHR function in the absence of any conflicting agonist activity.
The role of the transcription factor aryl hydrocarbon receptor (AHR) in biology has expanded beyond that of a xenobiotic sensor and regulator of detoxification (Ramadoss et al., 2005) . The AHR is documented as affecting numerous physiological and pathophysiological processes; studies investigating the environmental and health impact of persistent pollutants, many of which are AHR agonists, clearly indicate a role of the AHR in modulating endocrine function. Animal knockout models indicate a nonlethal, yet pivotal role for the AHR, as evidenced by reproductive, metabolic, and immunological phenotypes. In the absence of contradictory evidence it is presumed that transactivation function of AHR becomes manifest through activation by endogenous AHR agonists. Despite these phenotypes, pharmacological or environmental activation of the AHR is often regarded as deleterious. Recently, it has been demonstrated that agonists of the AHR play an integral role in T-cell function, promoting a T H 2/T H 1 switch resulting in a T H 1 bias (Negishi et al., 2005) . In addition, the AHR aids in stimulating the differentiation of IL17 secreting T H 17 cells, thereby generating a potentially proinflammatory autoimmune environment (Veldhoen et al., 2008; Stockinger et al., 2009) . It is conceivable therefore that inhibition of AHR activity by antagonists could result in beneficial anti-inflammatory actions. Evidence for such antiinflammatory effects has recently been identified by use of the AHR antagonist CH-223191, which represses T H 17 de-velopment in mice leading to diminished levels of the proinflammatory cytokines IL17 and IL22 .
A number of compounds are described as AHR antagonists, including the flavone derivatives ␣-napthoflavone (␣-NF) (Wilhelmsson et al., 1994) , PD98059 (Reiners et al., 1998) , and 3Ј-methoxy-4Ј-nitroflavone (MNF) (Lu et al., 1995), 6-methoxy-1,3,8-trichlorodibenzofuran (6-MCDF) (Astroff et al., 1988; Harris et al., 1989), 1-amino-3,7,8-trichlorodibenzop-dioxin (Luster et al., 1986) , and omeprazole sulfide (GerbalChaloin et al., 2006) . However, many of these compounds exhibit partial AHR agonist activity and are antagonists only in the sense that they are weakly activating competitive agonists. Furthermore, some display a degree of species specificity and/or AHR-independent activity and thus cannot be considered complete antagonists.
It is interesting that the plant kingdom is rich in AHR ligands predominantly in the form of polyphenolic flavonoid compounds. Many of these compounds exhibit beneficial properties, including antioxidant, antiproliferative, and antiinflammatory activity, some of which may involve the AHR. However, with the exception of the polyphenol resveratrol, which has been shown to repress AHR-mediated gene expression but also represents an anti-inflammatory estrogen receptor (ER) ligand (Gehm et al., 1997; Casper et al., 1999) , it has not been established whether any of the beneficial effects of flavonoids can be attributed to AHR antagonism. We have therefore conducted a screen of a number of substituted flavonoids with the aim of identifying potential bona fide AHR antagonists, which may have therapeutic immunological value in addition to improving the arsenal of antagonists available for investigating the ever-expanding scope of AHR biological function.
Materials and Methods
Materials. 2,3,7,8-Tetrachloroxooxanthrene (TCDD) was a generous gift from Dr. S. Safe (Department of Veterinary Physiology and Pharmacology, Texas A and M, College Station, TX). The following flavonoid compounds were purchased commercially (Indofine Chemicals, Hillsborough, NJ): 2-(4-methoxyphenyl)-4H-chromen-4-one (4Ј-methoxyflavone); 5-methoxy-2-phenyl-4H-chromen-4-one (5-methoxyflavone); 2-(2,4-dimethoxyphenyl)-6-methoxy-4H-chromen-4-one (6,2Ј,4Ј-trimethoxyflavone); 2-phenyl-4H-benzo[h]chromen-4-one (␣-naphthoflavone); 3-phenyl-1H-benzo[f]chromen-1-one (␤-naphthoflavone); 7-methoxy-3-(4-methoxyphenyl)-4H-chromen-4-one (7,4Ј-dimethoxyisoflavone); and 1, 3,8-trichloro-6-methyldibenzo[b,d] furan (6-methoxy-1,3,8-trichlorodibenzofuran) . 2-(3-Methoxy-4-nitrophenyl-4H-chromen-4-one (3Ј-methoxy-4Ј-nitroflavone) was a generous gift from Dr. T. Gasiewicz (University of Rochester, Rochester, NY).
Cell Lines and Culture. The Huh7 human hepatoma cell line was routinely maintained in ␣-modified essential media (SigmaAldrich, St. Louis, MO) supplemented with 8% fetal bovine serum (Hyclone Laboratories, Logan, UT), 100 IU/ml penicillin/100 g/ml streptomycin (Sigma-Aldrich). The MCF-7 human mammary cell line was maintained in Dulbecco's modified Eagle's media (SigmaAldrich) supplemented with 8% fetal bovine serum, penicillin/streptomycin. HepG2 (40/6) human hepatoma stable cell line (Long et al., 1998) containing the stably integrated pGudluc 6.1 luciferase reporter construct under the control of the Cyp1a1 enhancer were cultured under the same conditions as Huh7 cells (Aarts et al., 1995) . The Hepa 1.1 mouse hepatoma cell line containing the stably integrated pGudluc 1.1 luciferase reporter construct was originally obtained from Dr. M. Denison (University of California, Davis, CA) and were cultured under the same conditions as HepG2 (40/6). Cells were cultured at 37°C in a humidified atmosphere composed of 95% air and 5% CO 2 .
Reporter Assays. The reporter cell lines Hepa 1.1 and HepG2 (40/6) cells were seeded in six-well plates and cultured to ϳ80% confluence. Cells were treated as indicated for 4 h then lysed in 200 l of lysis buffer [25 mM Tris-phosphate, pH 7.8, 2 mM dithiothreitol, 2 mM 1,2-diaminocyclohexane-N,N,NЈ,NЈ-tetraacetic acid, 10% (v/v) glycerol, and 1% (v/v) Triton X-100]. Lysate (20 l) were combined with 80 l of Luciferase Reporter Substrate (Promega, Madison, WI), and luciferase activity was measured with a TD-20e luminometer (Turner Designs, Sunnyvale, CA). Luciferase activity was normalized with respect to protein concentration.
RNA Isolation and Reverse Transcription. Total RNA was isolated from cells cultured in six-well plates using TRIzol (Invitrogen, Carlsbad, CA). RNA concentration was determined via spectrophotometry at 260 nm and 280 nm. 2 g total RNA was reverse transcribed to cDNA by use of a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).
Quantitative PCR. PCR was performed on a MyiQ (Bio-Rad Laboratories, Hercules, CA) system with use of PerfeCTa SYBR Green reagent (Quanta Biosciences, Gaithersburg, MD). Quantitative real-time PCR primers (Integrated DNA Technologies, Coralville, IA) used in this study are listed in Table 1 . In all cases, melting point analysis revealed amplification of a single product. Data acquisition and analysis were achieved by use of MyIQ software (Bio-Rad Laboratories).
Photoaffinity Competitive Ligand-Binding Assay. The AHR photoaffinity ligand; 2-azido-3-[
125 I]iodo-7,8-dibromodibenzo-p-dioxin (PAL) was synthesized as described previously (Poland et al., 1986) . Hepatic cytosol extracts were isolated from B6.Cg-Ahr tm3.1 Bra Tg (Alb-cre, Ttr-AHR)1GHP "Humanized" AHR mice ) by homogenization in MENG (25 mM MOPS, 2 mM EDTA, 0.02% NaN 3 , 10% glycerol, pH 7.4) containing 20 mM sodium molybdate and protease inhibitor cocktail (Sigma-Aldrich) followed by centrifugation at 100,000g for 1 h. All binding experiments were conducted in the dark until photo-cross-linking of the PAL. In brief, a saturating amount of PAL (0.21 pmol, i.e., 8 ϫ 10 5 cpm/tube) were added to 150 g of cytosolic protein. Samples were then incubated with ␣-napthoflavone or 6, 2Ј,4Ј-trimethoxyflavone, as indicated for 20 min at room temperature. Samples were photolyzed (402 nm, 8 cm, 4 min), 1% dextran-coated charcoal added, followed by centrifugation at 3000g for 10 min to remove unbound PAL. Labeled samples were resolved on 8% Tricine polyacrylamide gels, transferred to PVDF membrane and visualized by autoradiography. Radio-labeled AHR bands were excised and quantified by ␥-counting. Electromobility Shift Assay. Gel-shift analyses were performed essentially as described previously . In brief, pCI-AHR and pCI-aryl hydrocarbon receptor nuclear translocator (ARNT) were in vitro translated with the TNT-coupled rabbit reticulocyte lysate system (Promega) supplemented with 1.5 mM sodium molybdate. AHR and ARNT (4 l) were combined in the presence of 1.5 l of HEDG buffer (25 mM HEPES, 1 mM EDTA, 10 mM sodium molybdate, and 10% glycerol, pH 7.5) together with indicated treatments for 30 min at room temperature.
32 P-labeled dioxin response element (DRE) probe was added to each reaction and incubated for a further 15 min. Lysates were resolved on 6% DNA-retardation gel (Invitrogen) and visualized by autoradiography.
Cytotoxicity Assays. Short-term cytotoxicity was assessed by use of the MTS assay and is based on the mitochondrial reduction of a substrate by viable cells. Huh7 cells were seeded at 2 ϫ 10 3 cell/well, after overnight incubation the cells were treated as indicated for a further 48 h. Viability was assessed by adding 40 l/well MTS reagent and determining the absorbance at 490 nm after 2 h. Data represent viable cell number as a percentage of vehicle (DMSO)-treated cells Ϯ S.E.M. Longer-term cytotoxicity was determined by use of a colony-formation assay. Huh7 cells were seeded at 1 ϫ 10 3 cells/plate; after overnight incubation, cells were treated as indicated. After 24 h, cells were washed and cultured for an additional 14 days, after which time cells were stained with Coomassie brilliant blue for 2 min and colonies counted. Data represent colony number Ϯ S.E.M. compared with vehicle (DMSO)-treated controls.
Western Immunoblotting. Huh7 cells were cultured to ϳ80% confluence in six-well plates and treated with vehicle or the indicated compounds over increasing time. Cells were lysed with MENG/20 mM sodium molybdate/1% Nonidet P40/1ϫ protease inhibitor cocktail. Lysates were centrifuged (13,000g, 10 min, 4°C) to remove insoluble material. Protein concentrations were determined by use of the bicinchoninic acid kit (Thermo Fisher Scientific, Waltham, MA). Fifty micrograms of protein were resolved on 8% SDS-PAGE gels, transferred to PVDF membrane (Millipore, Billerica, MA). Where indicated, membranes were probed at recommended dilutions for 1 h with the following primary antibodies: anti-AHR mouse IgG (MA1-514; Affinity Bioreagents, Golden, CO), anti-␤-actin mouse IgG (sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibody detection was achieved using species-appropriate biotin-conjugated IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, PA). Tertiary detection was achieved through incubation with 0.03 Ci/ml 125 I-streptavadin (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Blots were exposed to BioMAX (Eastman Kodak, Rochester, NY) film and developed. Blots were directly quantified by excising 125 I-streptavadin-labeled bands and counting in a ␥-counter (Iso-data 20/20 series). AHR protein expression was normalized to ␤-actin and expressed as percentage of vehicle-treated control.
Chromatin Immunoprecipitation. HN2095 cells were grown to approximately 90% confluence in 150-cm 2 dishes and serum-starved 18 h before treatment. Treatment of cells was done in serum-free media supplemented with 5 mg/ml bovine serum albumin. 6,2Ј,4Ј-Trimethoxyflavone (TMF) was added at 10 M at time 0 and again at 8 h for a total treatment time of 12 h. After treatment, cells were washed once with warm PBS, and chromatin complexes were chemically cross-linked by use of a 1% formaldehyde/PBS solution (final concentration) for 10 min at room temperature. Cross-linking was stopped by addition of glycine solution to a final concentration of 0.125 M. Cells were washed twice with ice-cold PBS and collected in 2 ml of harvest buffer (100 mM Tris, pH 8.3, 10 mM dithiothreitol, 5 mM NaOH). Cells were pelleted, washed in ice-cold PBS, pelleted, and resuspended in 600 l of lysis buffer (1% SDS, 50 mM Tris-HCl, pH 8.1, 10 mM EDTA). Chromatin was sheared with the Diagenode Bioruptor to an average size of 1 kb. Complexes were precleared with protein A agarose resin (Pierce Chemical, Rockford, IL) and incubated overnight with specific antibodies (AHR rabbit polyclonal or ARNT rabbit polyclonal, Santa Cruz SC-5580). Immunoadsorbed complexes were captured on protein A agarose resin and washed once with TE, pH 8 (10 mM Tris-HCl, pH 8.0, and 0.5 mol/liter EDTA). Resin-bound complexes were then suspended in TE, pH 8, layered on top of a sucrose solution (1 M sucrose, 200 mM NaCl, 1% Nonidet P40) and spun for 3 min through the solution. Resin-bound complexes were then washed once with 0.5ϫ RIPA buffer (10 mM Tris-HCl, pH 8.1, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% Triton X-100, 0.10% sodium deoxycholate, 0.10% SDS), followed by four washes with TE8. Samples were eluted off of the resin by use of 200 l of 100 mM NaHCO 3 and 1% SDS, and cross-links were reversed at 65°C overnight. Eluted DNA was isolated, washed, and concentrated by use of the ChIP DNA Clean and Concentrator Kit (ZYMO Research, Orange, CA). Immunoadsorbed DNA was analyzed by PCR.
Data Analysis. In all cases, studies were performed in triplicate. Statistical analyses of data were performed by use of GraphPad Prism5 graphing and statistical analysis software (Graphpad Software, San Diego, CA). Data were analyzed by use of one-way analysis of variance and Tukey's multiple comparison and Student's t tests. In all cases P values of Ͻ0.05 were deemed statistically significant and indicated by an asterisk ‫.)ء(‬
Results

Flavonoid Screen for AHR-Driven DRE-Dependent Gene Expression.
In an effort to analyze the potential biological activity of substituted flavones with regard to AHRdependent signaling, we performed a luciferase reporter-based screen. HepG2 (40/6) cells stably transfected with a reporter construct (pGudluc 6.1) harboring the (Ϫ1301/Ϫ819 bp) 4 ϫ DRE enhancer region of the mouse Cyp1a1 gene were incubated with 10 nM TCDD or various flavonoid derivatives (Fig. 1) , as indicated at a concentration of 10 M for 4 h and luciferase expression assayed (Fig. 2) . TCDD stimulated AHR-driven DRE-dependent reporter activity Ͼ10-fold compared with vehicle alone, consistent with its status as a high-affinity prototypical AHR agonist. The flavonoid-based compounds yielded a spectrum of reporter activity, ranging from ϳ5-fold induction with 4Ј-methoxyflavone down to ϳ1.5-fold with 7,4Ј-dimethoxyisoflavone and repression of basal reporter activity with TMF and ␤-napthoflavone (␤-NF). The failure of ␤-NF to induce reporter activity was initially unexpected, because ␤-NF is a known and relatively high-affinity AHR agonist (Gillner et al., 1985) . Previous work has demonstrated that ␤-NF is a potent inhibitor of firefly but not Renilla luciferase enzymatic activity (Wang, 2002) . We therefore examined the potential of our selected compounds to influence luciferase enzymatic activity, thus limiting the occurrence of false-negative agonists or falsepositive antagonists. HepG2 (40/6) cells were incubated with 10 nM TCDD for 4 h to induce luciferase expression; cell lysates were then incubated for 10 min with the selected compounds (10 M) and luciferase activity was assayed (Supplemental Fig. 1 ). We observed a total inhibition of luciferase activity with ␤-NF, ϳ25% inhibition with 5-methoxyflavone and 7,4Ј-dimethoxyisoflavone, but no significant inhibition was observed with any other compound tested. 
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Comparison between the Activity of TMF and AHR Antagonists. The data from the flavonoid screen for AHR agonist activity indicates that TMF fails to elicit AHR-driven DRE-dependent gene expression but has the capacity to repress basal activity and may function as an AHR antagonist. To eliminate a potential cytotoxic effect, MTS and colony formation assays were performed on Huh7 cells in the presence of 10 M TMF, ␣-NF, or ␤-NF for comparative purposes. The data from the short-term MTS assay revealed a statistically significant cytostatic effect of ␣-NF, ␤-NF, and TMF but no difference between each of the treatments. The longerterm colony formation assay indicated no significant cytostatic effects associated with any of the treatment regimes (Supplemental Fig. 2 ). The repression of basal reporter expression suggests the possibility for TMF to exert an antagonistic effect with regard to AHR. To further explore this notion we compared the activity of TMF against the reported AHR antagonists ␣-NF, MNF, and 6-MCDF in the context of endogenous AHR-dependent gene expression. Huh7 cells were incubated in the presence of 10 M TMF, ␣-NF, MNF, or 6-MCDF for a period of 4 h and the expression of CYP1A1, CYP1A2, and CYP1B1 analyzed by quantitative PCR (Fig. 3,  A-C) . The data revealed discrepancies with regard to AHRdependent gene expression after exposure to ␣-NF or 6-MCDF. ␣-NF exhibited stimulatory effects on CYP1A family members, prompting a 3-fold induction in both CYP1A1 and A2. In contrast to CYP1A1/2, CYP1B1 expression was not influenced by ␣-NF. Like ␣-NF, 6-MCDF exerted a positive influence on CYP1A1 expression, although the magnitude of induction was 2-fold greater than that observed with ␣-NF. The pattern was reversed with regard to CYP1A2, 6-MCDF induced CYP1A2 expression but to a level that was 50% of the ␣-NF response. The CYP1B1 response to 6-MCDF was in opposition to the neutral effect of ␣-NF, and 6-MCDF was able to elicit a 4-fold elevation in CYP1B1 expression. Unlike ␣-NF and 6-MCDF, neither TMF nor MNF exhibited any agonist potential with regard to CYP1A1/2 or CYP1B1 expression.
AHR ligands have been revealed to display a level of species specificity; thus, we examined the capacity of TMF, ␣-NF, 6-MCDF, and MNF to elicit AHR activity in the mouse Hepa 1.1 reporter cell line (Fig. 3, D and E) . As observed with jpet.aspetjournals.org the endogenous CYP1A1/2 gene expression in the human Huh7 cell line both ␣-NF and 6-MCDF exhibited significant AHR agonist activity (150-and 100-fold, respectively) as assessed by induction of the stably integrated pGudluc 6.1 reporter. In contrast, MNF prompted a marginal increase in reporter activity that proved to be statistically insignificant. In stark contrast to the effect of ␣-NF, 6-MCDF, and, to a lesser degree, MNF, TMF evoked no increase in reporter expression whatsoever (Fig. 3D) . Previous reports have indicated differences in the magnitude of partial agonist effects of compounds such as MNF, depending on the mode of assessment, i.e., reporter assays versus endogenous gene expression . Therefore, we also examined the effect of TMF together with the panel of antagonists in Hepa 1.1 cells by use of endogenous Cyp1a1 mRNA expression as a more relevant, less artificial, endpoint (Fig. 3E) . As with the reporter-based determination, B[a]P prompted a robust AHR response that was matched by ␣-NF and 6-MCDF. Unlike the reporter assay, the modest induction observed with MNF proved to be statistically significant, in contrast to TMF, which failed to stimulate Cyp1a1 mRNA expression. The effect of TMF on endogenous gene expression was also examined in a non-hepatocyte-derived cell line to limit the potential of a cell lineage outcome. MCF7 cells showed no elevation in the expression of either CYP1A1 or CYP1A2 in response to TMF, mirroring the Huh7 effect (Supplemental Fig. 3) .
A dose-response comparison between TMF and ␣-NF, the most widely used AHR antagonist, was performed to examine whether any dose dependence underlies the failure of TMF to induce AHR-mediated gene expression. HepG2 (40/6) cells were exposed to increasing concentrations of TMF or ␣-NF, as indicated for 6 h, and reporter expression was determined (Fig. 4A) . Exposure to increasing ␣-NF concentrations resulted in a dose-responsive increase in DRE-driven reporter activity, achieving statistical significance at 5 M. This is in contrast to TMF, which failed to induce reporter activity across all doses tested. To determine whether metabolism of TMF over an extended incubation could yield metabolites with potential AHR agonist activity HepG2 (40/6) cells were exposed to 2 nM TCDD or 10 M TMF for 24 h, and reporter expression was determined (Fig. 4B) . The increased incubation time with TMF resulted in a small (2-fold) but significant increase in reporter activity above vehicle-treated controls, thus indicating a time-dependent generation of agonist activity.
TMF Fails to Stimulate the Interaction of AHR with Its Cognate Response Element.
Binding of AHR as a heterodimer in cooperation with the ARNT to its cognate response element, the DRE, is a prerequisite for induction of AHR target genes. We therefore wished to examine the effect of TMF on the association of AHR/ARNT with its response element by use of electromobility shift assays and to determine whether the observed lack of AHR agonist activity is a consequence of diminished AHR/ARNT/DRE complex formation. In vitro translated AHR/ARNT in the absence of additional treatment or with vehicle (DMSO) failed to promote significant binding to the DRE probe. Exposure to 1 M ␤-NF yielded a significant probe shift indicative of formation of the AHR/ARNT/DRE complex. Exposure to increasing doses of TMF in the absence of ␤-NF had a negligible impact on complex formation (Fig. 5A) . Such data may suggest that TMF is not a ligand for AHR. To determine whether TMF has the capacity to inhibit the agonist-mediated association of AHR/ARNT with its cognate response element, competitive electromobility shift assays were performed. Coexposure to 1 M ␤-NF and TMF at two doses resulted in a decrease in AHR/ARNT/DRE complex formation compared with ␤-NF alone (Fig. 5B) . Such data indicate that TMF can compete with AHR agonists to diminish AHR/DRE binding. The effect of TMF on AHR/DRE binding was also examined in a cellular context by use of chromatin immunoprecipitation assays (Supplemental Fig. 4 ). HN2095 cells exposed to vehicle or 10 M TMF for 18 h displayed a decreased signal for both AHR and ARNT at the CYP1A1 proximal promoter compared with vehicle-treated controls. Such data support the inhibitory effect of TMF on the association of AHR with its response element.
TMF Antagonizes AHR-Dependent Gene Expression. Having established that TMF fails to stimulate AHR binding to its cognate response element together with the complimentary absence of agonist activity suggests that TMF may be neutral with regard to AHR, i.e., is not an AHR ligand. We therefore assessed the ligand-binding status of AHR with regard to TMF by use of a ligand competition approach. HepG2 (40/6) cells were incubated with the AHR agonist B[a]P (1 M) either in isolation or in conjunction with increasing doses of TMF or ␣-NF (Fig. 6 ). Exposure to B[a]P resulted in a robust 8-fold induction of reporter expression, and coexposure to 1 M ␣-NF prompted a statistically sig- nificant dose-dependent repression of B[a]P-mediated reporter expression. Increasing concentrations of ␣-NF further repressed reporter expression to ϳ50% of the maxima. TMF exhibited a similar dose relationship with regard to repression. Significant repression with TMF was achieved at 2 M; however, in contrast to ␣-NF, TMF had the capacity to diminish reporter expression to a greater degree. The competitive nature of TMF both under basal and induced states thus argues in favor of a direct ligand mechanism and against a neutral effect.
TMF Is a Ligand for AHR. The observations that TMF has the capacity to diminish both basal and agonist-dependent AHR signaling are suggestive but not conclusive evidence that TMF is an antagonistic AHR ligand. To substantiate the potential antagonistic nature of TMF competitive ligand displacement assays were performed against a photoaffinity radioligand by use of ␣-NF for comparison (Fig. 7) . Incubation with increasing concentrations of ␣-NF effectively displaced the radioligand from AHR yielding an apparent EC 50 ϭ 2.5 ϫ 10 Ϫ8 M. TMF also displayed a capacity to compete for radioligand binding, albeit with reduced efficacy, as evidenced by an apparent EC 50 ϭ 9 ϫ 10 Ϫ7 M, two orders of magnitude greater than that obtained with ␣-NF. As such, TMF can be considered a direct ligand for the AHR.
TMF Fails to Mediate AHR Protein Degradation. An observed characteristic of AHR ligands is that agonists tend to promote AHR protein turnover, presumably as a mechanism to terminate the stimulatory signal. Conversely, antagonists fail to stimulate protein turnover to the same extent. Examination of Huh7 AHR protein levels revealed a marked 60% reduction in AHR protein levels after 16 h of exposure to 10 nM TCDD compared with vehicle-treated control (Fig. 8) . Exposure to 10 M ␣-NF also promoted AHR turnover, albeit to a lesser extent than that observed with TCDD. After 16 h of exposure to ␣-NF, AHR expression was reduced by 40%. AHR expression was least influenced by TMF, after 16 h of incubation AHR levels were diminished by 15% (Fig. 8) .
Discussion
Despite published accounts of AHR activity occurring in the absence of exogenously added ligand through loss of cell-cell contact (Monk et al., 2001; Cho et al., 2004) or via indirect activators such as omeprazole (Backlund and Ingelman-Sundberg, 2005) , it is widely accepted that the majority of the transcriptional activity associated with AHR is a consequence of direct agonist binding. Ligand-mediated transformation of AHR results in the formation of the transcriptionally competent AHR/ARNT heterodimer which is capable of stimulating phase I/II gene expression through association with its cognate DNA response element.
Recent reports have highlighted and expanded the scope of AHR biology beyond that of xenobiotic sensor and phase I/II metabolism. Expansion into the realm of inflammation and adaptive immunity (De Souza et al., 2009; Patel et al., 2009; Stockinger et al., 2009; Veldhoen et al., 2009) , raises the notion that inhibition of AHR activity may have therapeutic potential. Attenuation of AHR signaling may be achieved through disruption of the cytoplasmic AHR-chaperone com- plex with heat-shock protein 90 (HSP90) inhibitors, such as geldanamycin leading to AHR turnover (Song and Pollenz, 2002) ; however, off-target effects are highly likely because of the ubiquitous chaperone nature of HSP90. Targeted promotion of AHR ubiquitinylation and subsequent proteosomal turnover by use of PROTACS has been proposed as a more specific mode of AHR inhibition (Puppala et al., 2008) . While achieving significant inhibition of AHR-dependent gene expression, relatively high doses are required. However, this mechanism does have the advantage of sustained inhibition due to loss of AHR protein. Another approach is the utilization of direct AHR antagonists, ligands capable of AHR binding but rendering it transcriptionally inactive. Such an approach, using the flavone ␣-NF, has been a mainstay of AHR inhibition. Numerous compounds have demonstratively suppressive effects on AHR-mediated gene expression in the context of exogenous AHR agonists. However, most of these compounds exhibit weak partial agonist activity toward the AHR resulting in modest induction of AHR target genes, and thus, they are considered competitive antagonists . These disadvantages led us to screen for compounds that display bona fide AHR antagonist 1 activity. We therefore conducted an AHR-dependent reporter-based screen of a number of methoxylated flavonoids to assay for AHR ligand activity with an emphasis on antagonism. Our rationale for using methoxyflavone derivatives was 3-fold. First, the flavonoid skeleton adheres to the structural and spatial requirements of the proposed AHR ligand-binding pocket (Waller and McKinney, 1995) as evidenced by the large number of polyphenolic flavonoids that exhibit disparate events on AHR activity (Lu et al., 1996; Ciolino et al., 1999; Flaveny et al., 2009) . Second, modification of the flavone ring structure has been shown to alter AHR binding and/or associated agonist potential, depending on the position of the modification, suggesting the possibility of an arrangement that facilitates AHR binding but not receptor transformation and hence agonist activity (Lu et al., 1996) . Third, published data indicate higher bioavailability, arising from resistance to P450-dependent metabolism of methoxyflavones relative to their hydroxylated derivatives (Walle, 2004; Wen and Walle, 2006) .
The initial reporter-based screen pointed to TMF having suppressive effects with regard to AHR in the context of exogenously added AHR agonists. Cytotoxicity assays identified a modest cytostatic effect of TMF exposure; although statistically significant, the effect is marginal and similar to that obtained with ␣-NF or ␤-NF, suggesting that TMFmediated suppression of the AHR response is not a consequence of overt toxicity. Further examination revealed that exposure to TMF in isolation fails to stimulate AHR-dependent gene expression in the short term, in contrast to AHR antagonists described previously. TMF-mediated inhibition could be attributed to indirect effects, such as through the ER. The ER is known to bind flavone-based compounds and also inhibit AHR activity (Gehm et al., 1997; Beischlag and Perdew, 2005) , but our studies were primarily performed in the Huh7 ER negative cell line (unpublished data), thus eliminating such a mechanism. It is plausible that unidentified factors may be similarly influenced by TMF, which, in turn, can negatively affect AHR activity; such a scenario remains to be addressed.
TMF revealed no promoter or species dependence across the AHR target genes examined, which is also in contrast to antagonists described previously (Zhang et al., 2003; . The reason for the variability observed with other reported antagonists is not established, but it may result from differences in rate of uptake, metabolism, or intrinsic variation in binding affinity for the AHR, or it may reflect differences in how AHR activity is investigated (Wang, 2002; .
The molecular mechanism underlying TMF-mediated suppression remains to be determined, but it is clear that TMF diminishes the affinity of AHR for its cognate response element rather than perturbing the interaction of DNA-bound AHR with transcriptional cofactors, as evidenced by gel-shift and chromatin immunoprecipitation DNA-binding analyses. It may be speculated that the reduced AHR/DRE interaction is a consequence of a reduction in heterodimerization of AHR with ARNT, a prerequisite for DRE binding. However, the AHR is known to be inherently unstable and liable to proteosomal degradation when dissociated from either the HSP chaperone or ARNT complex (Prokipcak and Okey, 1991; Swanson and Perdew, 1993; Ma and Baldwin, 2000) . We were unable to identify any significant loss of AHR protein after exposure to TMF, which could account for such a mode of action. Further studies using coimmunoprecipitation techniques may clarify the effect of TMF on the formation/stability of the AHR/ARNT heterodimer.
Competitive DNA-binding analysis identified the capacity of TMF to compete with ␤-NF-mediated AHR/DRE binding, suggesting that TMF is a direct ligand for the AHR. The status of TMF acting directly on AHR was confirmed through competitive ligand-binding assays. In the absence of a crystal structure for the AHR, the molecular events underlying ligand-mediated AHR transformation are poorly understood and the nature of antagonism even less so. It is likely that partial agonists, such as ␣-NF and MNF, or bona fide antagonists, such as TMF, adopt a conformation in the AHR ligand-binding pocket that either fails to make complete contact with critical residues that facilitate receptor transformation or interact with different residues to introduce an inhibitory conformation.
Despite suppressing AHR activity in the short-term, we were able to identify a modest increase in AHR-dependent gene expression after extended exposure to TMF. Such an observation may be attributable to metabolism of TMF yielding weak agonist potential, as has been described with other flavone derivatives (Androutsopoulos et al., 2008) . Nonetheless, TMF seems to have a better antagonist profile compared with described previously compounds and may suggest that improved TMF-derivatives more resistant to metabolism could be developed.
In summary, we have documented for the first time the identification and characterization of the commercially available synthetic substituted flavonoid TMF as an AHR ligand.
Furthermore, TMF exhibits the functional characteristics of an AHR antagonist, possessing the capacity to effectively compete with AHR agonists thus repressing AHR-mediated gene induction. The inhibitory mode of TMF action remains to be fully determined but evidence suggests that AHR suppression is a consequence of reduced association with its cognate response element. Moreover, unlike current AHR antagonists, TMF exhibits no AHR agonist activity in the short term. It is noteworthy that TMF treatment of various cell types reveals no promoter or species dependence with regard to antagonism; thus, TMF represents a true antagonist of the AHR with limited cytotoxicity and may have applications both therapeutically and for the further investigation of AHR function.
